H yperkalemia, defined as abnormally high serum potassium (>5.0 mEq/l), is a potentially life-threatening acute electrolyte abnormality. [1] [2] [3] Although hyperkalemia is often asymptomatic, high serum potassium concentrations are associated with muscle cramps and weakness, muscle hypotonia, dyspnea, and cardiac arrhythmias. 1, 2, [4] [5] [6] Hyperkalemia is mainly caused by reduced renal function and hence reduced excretion of potassium and increased serum potassium. 7, 8 In addition to renal insufficiency, heart failure, diabetes mellitus, hypertension, and medication use are key risk factors for hyperkalemia. 9 Use of renin-angiotensin-aldosterone system inhibitors (RAASi), such as aldosterone receptor antagonists, angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, and direct renin inhibitors, have been shown to both increase the frequency as well as the severity of hyperkalemia. 10 Other potential mechanisms resulting in hyperkalemia include high dietary potassium intake, acidosis, and alterations in renal potassium handling. 11, 12 Elevations in serum potassium levels have been associated with increased mortality, especially among elderly patients and patients with comorbidities. 5, [13] [14] [15] [16] [17] A variety of studies have shown that in patients with cardiovascular diseases and/or chronic kidney disease (CKD), hyperkalemia is a significant risk factor for all-cause mortality. 5, 13, 15, 17 There are limited published studies characterizing the economic burden of hyperkalemia. One study found an increased rate of hospital admissions associated with hyperkalemia among patients with cardiovascular diseases, such as heart failure and CKD. 5 A study by Dunn et al. 18 in 2011 identified a mean inpatient cost of $24,178 per episode and an average length of stay of 3.2 days among patients admitted from emergency departments to hospitals for elevated potassium levels. However, this study analyzed only those hospitalizations in which hyperkalemia was the primary diagnosis; this was only a small fraction of the total number of hospitalizations in which hyperkalemia was diagnosed. Furthermore, this study did not assess how hyperkalemia affected the frequency of hospitalizations, the resource intensity of the hospitalizations, or the effect on outpatient costs. A study by Chazard et al. 19 analyzed a sample of hospitalizations in France and concluded that hyperkalemia led to an increase in lengths of stay by 2.3 to 4.6 days.
The objectives of the present study were to assess the health care costs and resource utilization for patients with hyperkalemia in comparison with those of patients without hyperkalemia, while matching (and adjusting for) a wide range of factors, including comorbidities, treatments, and demographics. These analyses were conducted for the overall patient population as well as for specific patient subgroups defined by hyperkalemia-related comorbidities, such as patients with heart failure and/or CKD.
METHODS

Data Source
This study was a retrospective analysis of the Truven MarketScan claims and encounters research database with the MarketScan laboratory database (January 1, 2010, to December 31, 2014). The MarketScan claims and encounters research database captures the medical experience of insured persons and their dependents for active employees, early retirees, consolidated omnibus budget reconciliation act (COBRA) beneficiaries, and Medicare-eligible retirees with employer-provided Medicare Supplemental plans. The database includes enrollment history and claims for medical (provider and institutional) and pharmacy services. The MarketScan laboratory database clinically enriches the medical and prescription drug data for a subset of patients in the MarketScan databases by linking patients' claims data with predominately outpatient laboratory test results.
Sample Selection
Adult patients with hyperkalemia (cases) and patients without hyperkalemia (controls) were selected. Hyperkalemia cases were identified as adult patients with at least 2 laboratory tests (a second positive test was required to avoid inclusion of patients with elevated potassium due to testing errors, e.g., hemolysis) indicating hyperkalemia (serum potassium >5.0 mEq/l) or at least 1 diagnosis code corresponding to hyperkalemia (276.7) or at least 1 prescription fill of sodium polystyrene sulfonate (the only treatment indicted for hyperkalemia at the time of the study). Controls were identified as adult patients with at least 1 potassium laboratory test available and without any laboratory tests >5.0 mEq/l, any diagnosis codes corresponding to hyperkalemia, or any prescription fills of sodium polystyrene sulfonate. Both cases and controls were required to be continuously enrolled in their health care plan for at least 12 months after the index date (study period) and at least 6 months before the index date (baseline period). For cases, all claim dates indicating hyperkalemia were defined as potential index dates; for controls, all claims dates were defined as potential index dates. If a patient had multiple potential index dates that met all the inclusion criteria, the index date used for the purposes of the study was randomly selected from the eligible potential index dates. This method is superior to just selecting the first such potential index event and date because use of the first event/date would lead to a sample overly composed of early-stage disease events rather than the full disease process. The objective of this study was to describe costs through all stages of the disease, so events were selected from the entire disease spectrum.
Among all eligible potential controls, controls were randomly selected to exactly match one-to-one to cases on age group Where there was inconsistency regarding CKD stage across different indicators, the most severe stage among these 3 indicators was used to define the CKD stage of a patient. Dialysis patients and patients with CKD were mutually exclusive, and dialysis treatment was identified using procedure codes. Heart failure, diabetes, and hypertension were identified via International Classification of Diseases, Ninth Revision, Clinical Modification diagnosis codes. 20 
Statistical Analyses
Patient Characteristics
Patient characteristics were measured during the 6-month baseline period. The characteristics included (i) patient demographic characteristics reported on the index date, including age, gender, region, insurance type, and place of service for the index event; (ii) comorbidity profile, including hyperkalemia-related comorbidities, such as CKD, diabetes, heart failure, and hypertension, and the Charlson comorbidity index (CCI) 21 ; and (iii) medication use, including the use of RAASi and sodium polystyrene sulfonate. Patient characteristics were compared between cases and controls using unadjusted generalized estimating equation models, which was used to account for the correlation between cases and controls due to matching.
Health Care Resource Utilization
Health care resource utilization was calculated within 30 days and within 1 year of the index date and compared between cases and controls. Among all patients, number of all-cause inpatient admissions, outpatient visits, and emergency department visits; presence of at least 1 inpatient admission, outpatient visit, and emergency department visit; and number of inpatient days were evaluated.
Among patients who had at least 1 inpatient admission, the length of stay per inpatient admission and the number of inpatient days per patient were assessed. In addition, 30-, 60-, and 90-day inpatient readmission rates were assessed for hospitalizations within 275 days of the index date (primary hospitalizations). The 275-day cutoff was chosen so that readmission within 90 days could be fully observed for all primary hospitalizations. Both the average number of inpatient re-admissions within 30, 60, and 90 days of the discharge date of each primary hospitalization and the number of hospitalizations with at least 1 inpatient readmission within 30, 60, and 90 days were calculated by averaging across all primary hospitalizations.
Health care resource utilization was compared between cases and controls using paired t-tests for continuous variables and McNemar tests for categorical variables; 95% confidence intervals (CIs) were calculated for the differences in mean health care resource utilization measures between cases and controls.
Health Care Costs
During the 1-year study period, all-cause health care costs were described both within 30 days and 1 year of the index date and compared between cases and controls. All-cause health care costs included medical costs (inpatient, outpatient, and emergency department) as well as pharmacy costs.
For the primary analysis, paired t-tests were used to compare all-cause health care costs between cases and controls; 95% CIs were calculated for the cost differences between cases and controls.
To assess the robustness of the results of the primary analyses, secondary analyses based on multivariable regression analysis using generalized linear models with gamma distribution was performed. [22] [23] [24] The covariates included in the generalized linear models were diabetes, hypertension, CKD stage (stage 3, stage 4, stage 5, and unspecified stage), dialysis treatment, heart failure, RAASi use, age groups (<45, 45-54, 55-64, 65-74, and $75), gender, and CCI. Generalized estimating equations were used to account for the correlation between cases and controls due to matching; 95% CIs and P values were obtained using a bootstrap approach with 1000 replications.
Health Care Costs in Patient Subgroups
All-cause health care costs were also described and compared between cases and controls among patient subgroups defined by hyperkalemia-related comorbidities. The subgroups considered included patients with heart failure or CKD, patients with CKD stage 5, patients with CKD stage 4, patients with CKD stage 3, patients with unspecified CKD stage, patients on dialysis, patients with heart failure, patients with diabetes, patients with hypertension, and patients without the aforementioned comorbidities.
All-cause health care costs were compared between cases and controls within each patient subgroup using paired t-tests; 95% CIs were calculated for the cost differences between cases and controls within each patient subgroup. Again, as secondary analyses, adjusted costs were described and compared between cases and controls in each patient subgroup. Similarly, generalized estimating equations were used to account for the correlation between cases and controls due to matching; 95% CIs and P values were also obtained using a bootstrap-based approach (1000 replications).
Sensitivity Analyses
As a sensitivity analysis, propensity score matching was performed. The propensity score (the likelihood of having hyperkalemia conditional on the baseline characteristics) was estimated via logistic regression. The baseline characteristics considered included age, sex, region, insurance type, diabetes, hypertension, CKD stage, dialysis treatment, heart failure, RAASi use, and CCI. Cases and controls were then matched one-to-one within strata of the propensity score. Unadjusted and adjusted 30-day and 1-year total all-cause health care costs were compared between the propensity score-matched cases and controls.
RESULTS
Patient Characteristics
A total of 39,626 patients with hyperkalemia were identified and exactly matched to an equal number of controls (Figure 1 ). During the baseline period, cases were significantly older (59.71 vs. 56.49 years) and a greater proportion were men (53.29% vs. 45.55%) compared with controls (both P < 0.001). The prevalence of diabetes (36.13% vs. 23.00%) and hypertension (57.05% vs. 51.10%) was also significantly higher in cases compared with controls (both P < 0.001). Additionally, the CCI was significantly greater in cases compared with controls (1.70 vs. 1.19; P < 0.001). Dialysis treatment, CKD stage, heart failure, and RAASi use were exactly balanced as a result of the matching; 1.65% of patients (cases and controls) had dialysis treatment, 24.28% of patients had CKD, 9.56% had heart failure, and 50.79% had used RAASi. The distributions by region and health insurance type were largely similar between cases and controls (Table 1) . 25 .55%) compared with controls (all P < 0.001) ( Table 2) .
A total of 10,341 cases and 5360 controls had at least 1 inpatient admission during the 1-year study period. The total numbers of inpatient admissions were 17,392 and 7490 episodes for cases and controls, respectively. The average length of stay per inpatient admission was 1.51 (95% CI 1.22-1.80) days longer for cases than 
-year study period was 4.46 (95% CI 3.86-5.06) days longer for cases compared with controls (13.93 vs. 9.46 days) (both P < 0.001) ( Table 3) .
There were a total of 13,895 and 5556 primary hospitalizations within 275 days of the index date for cases and controls, respectively. Relative readmission rates were at least 40.12% higher for patients with hyperkalemia compared with patients without hyperkalemia, with absolute differences of 4.34% (95% CI 3.37%-5.32%), 5.96% (95% CI 4.81%-7.11%), and 7.69% (95% CI 6.42%-8.96%) within 30, 60, and 90 days, respectively (30-day: 14.21% vs. 9.86%; 60-day: 20.71% vs. 14.74%; 90-day: 26.86% vs. 19.17%) (all P < 0.001) ( Table 4 ).
Health Care Costs
For the 30-day study period, cases incurred $4128 (95% CI $3893-$4363) higher total health care costs compared with controls ($5994 vs. $1865, P < 0.001). Costs were higher for each cost category including inpatient, emergency department, outpatient, and pharmacy (all P < 0.001). Within the full year of the study period, cases incurred $15,983 (95% CI $15,026-$16,940) higher total health care costs compared with controls ($31,844 vs. $15,861, P < 0.001). Again, costs were higher across all 4 categories (all P < 0.001) (see more details in Figure 2) .
The secondary multivariable regression analyses yielded largely similar results. Cases incurred $4289 (95% CI $4027-$4549) higher total health care costs compared with controls ($6347 vs. $2057) during the 30-day period and incurred $15,606 (95% CI $14,648-$16,576) higher total costs compared with controls ($33,715 vs. $18,109) during the 1-year period. Both comparisons were statistically significant (both P < 0.001).
In the sensitivity analyses using propensity score matching instead of exact matching, cases incurred $4070 (95% CI $3824-$4315) higher total health care costs compared with controls ($6014 vs. $1945, P < 0.001) during the 30-day period and $14,924 (95% CI $13,943-$15,904) higher total health care costs compared with controls ($31,719 vs. $16,795, P < 0.001) during the 1-year period. Multivariable regression analyses results remained largely similar: cases incurred $4591 (95% CI $4312-$4903) higher total health care costs compared with controls ($6695 vs. $2104, P < 0.001) during the 30-day and $16,326 (95% CI $15,273-$17,433) higher total health care costs compared with controls ($35,078 vs. $18,753, P < 0.001) during the 1-year period. 
Health Care Costs in Patient Subgroups
Among all subgroups, patients with hyperkalemia incurred higher costs over both 30 days and 1 year (all P < 0.001) ( (Table 5) .
After adjusting for baseline characteristics via multivariable regression analysis, there remained a significant economic burden associated with hyperkalemia among patient subgroups. For example, in patients with CKD and/or heart failure, cases incurred $6062 (95% CI $5680-$6484) higher total health care costs compared with controls ($8969 vs. $2907) during the 30-day period (P < 0.001) and incurred $25,156 (95% CI $23,529-$26,757) higher total costs compared with controls ($54,347 vs. $29,191) during the 1-year period (P < 0.001).
In conclusion, hyperkalemia is a common complication of patients with impaired renal function. Patients with heart failure or diabetes are also at increased risk of hyperkalemia. 18 By some estimates, heart failure, diabetes, and kidney disease altogether impose an approximate $250 billion burden on society in the United States. [25] [26] [27] Given that hyperkalemia is closely associated with these chronic diseases and that it can result in increased risk of mortality, it is important to understand to what extent hyperkalemia contributes to this significant burden. This study provides an important piece of real-word evidence to this knowledge gap.
In this study, a large US claims database (augmented with laboratory data) was used to assess the cost and health care resource utilization of hyperkalemia in the general population as well as in patient subgroups defined by hyperkalemia-related comorbidities, such as heart failure and CKD. Results of these analyses indicated that patients with hyperkalemia had substantially higher health care costs and utilization compared with matched controls both in the overall patient population and in patient subgroups. In addition, among those who had at least 1 inpatient admission, patients with hyperkalemia had longer lengths of stay and higher hospital readmission rates compared with controls.
The current study found that patients with hyperkalemia visited hospitals about twice as frequently as patients without hyperkalemia (in both the 30-day and 1-year periods), and incurred 2 to 3 times all-cause health care costs of the patients without Patients with at least 1 inpatient admission were included in the analysis. Inpatient admissions within 1 year of the index date were included in the analysis. *P < 0.05. P values were computed using t-tests.
hyperkalemia. According to our analyses, in every comorbidity-defined subgroup, patients with hyperkalemia incurred higher costs compared with matched patients without hyperkalemia. All of these results were robust, as cost differences remained largely unchanged in multivariable regression analyses. In addition, sensitivity analyses showed that results remained unchanged after matching on propensity score. Increased inpatient admissions was the primary driver of the cost differences associated with hyperkalemia and comprised 67.34% of the cost in the short-term and 44.62% in the long-term. In particular, we identified 0.44 episodes of all-cause inpatient admissions and an inpatient cost of $14,207 during the 1-year post hyperkalemia event, which resulted in a mean all-cause inpatient cost of $35,518 per inpatient stay. This finding is consistent with the existing literature that hyperkalemia is associated with substantial inpatient cost. Dunn et al. 18 reported that the average inpatient cost was $24,178 in 2011 USD (equal to $26,986 2015 USD) for inpatient admissions due to hyperkalemia. In addition, our study found that the mean length of stay per hospitalization was approximately 1.51 days longer for patients with hyperkalemia compared with patients without hyperkalemia. Furthermore, inpatient readmission rates were consistently higher among patients with hyperkalemia compared with patients without hyperkalemia for 30-, 60-, and 90-day inpatient readmission.
Although the findings were robust, the study had some limitations: (i) Comorbidities were identified using International Classification of Diseases, Ninth Revision, Clinical Modification codes, which are used for administrative purposes; as a result, certain comorbidities may be underestimated. (ii) Race was not available from the MarketScan database and therefore could not be matched or adjusted in the analysis. (iii) The identification of hyperkalemia depended in part on the availability of serum potassium laboratory tests, which were performed by physicians' request (in many cases done a few times a year or less). These available laboratory tests may not have accurately and fully Figure 2 . Comparison of all-cause health care costs of patients with hyperkalemia versus matched patients without hyperkalemia. The "n" represented number of primary hospitalizations among patients with hyperkalemia and patients without hyperkalemia.
*P < 0.05. P values were computed using t-tests for continuous variables and c2 tests for categorical variables.
reflected a given patient's serum potassium level throughout the year. (iv) It is possible that some laboratory tests performed were not present in the claims data. For example, tests done in emergency departments or hospitals would not be included with the laboratories here (although such patients may very well be included in our sample via use of the diagnosis code from hospitalizations or emergency department visits for hyperkalemia). (v) The study population was limited to patients with available serum potassium laboratory tests and may not be generalizable to a population without such laboratory tests. Specifically, potassium laboratory tests may be driven by patient symptoms; therefore, the prevalence of hyperkalemia may be overestimated. However, the potassium test is part of the regular laboratory panel, so the bias is likely to be small. This study also has a number of strengths: (i) The study benefited from the large sample size (approximately 40,000 hyperkalemia patients) of the administrative database representative of the US commercially insured population. (ii) To identify hyperkalemia via laboratory testing, this study required at least 2 laboratory tests with a serum potassium level >5.0 mEq/l, reducing the risk of false positives due to, for example, hemolysis. (iii) On the other hand, use of diagnosis codes and prescription codes of sodium polystyrene sulfonate allowed for a wider net to be cast to identify cases that identification exclusively through laboratory samples would have missed (e.g., patients who may have gone straight to an emergency department or hospital where laboratory sample data are unavailable). (iv) Patients with hyperkalemia were matched to the controls on the key hyperkalemia comorbidities (dialysis treatment, CKD stage, heart failure and RAASi use), as well as age group, to address potential confounding due to these key risk factors of both hyperkalemia and health care utilization/cost. (v) The study used multivariable regression analyses to further adjust for potential confounders, including diabetes, hypertension, CKD stage (stage 3, stage 4, stage 5, and unspecified stage), dialysis treatment, heart failure, RAASi use, age groups (<45, 45-54, 55-64, 65-74, and $75), gender, and CCI. Although residual confounding due to unmeasured or unobserved variable is possible, the consistent findings that hyperkalemia is associated with significant economic burden from the multivariable regression results supported the robustness of the results.
In this retrospective database study, patients with hyperkalemia had significantly higher health care costs and utilization compared with matched controls. These differences were larger in patients with CKD and/or heart failure. Patients with hyperkalemia were more likely to be hospitalized, go to the emergency department, and see a physician on an outpatient basis. Furthermore, when hospitalized, patients with hyperkalemia had longer lengths of stay and were more likely to have a readmission within 30, 60, or 90 days of discharge. In summary, hyperkalemia is associated with a significant economic burden on afflicted patients. Data were analyzed by Analysis Group and interpreted in collaboration with all other authors. The study sponsor was involved in all stages of the study research and manuscript preparation, but all authors participated in the design of the study and contributed to the manuscript development. All the authors vouch for the accuracy and completeness of the data reported and the adherence of the study to the protocol, and all the authors made the decision to submit the manuscript for publication.
